Cocaine is one of the most commonly abused drugs in the world due to its anesthetic and stimulating affects. Although hair testing is not suitable for the detection of a single usage of cocaine such as in roadside testing, its extended window of detection allows drug monitoring over an extended period of time (months to years) in regular cocaine users. As cocaine and its metabolites are not apparent in hair during or immediately after absorption of the drug, this technique is often used as a complimentary test to blood or urine whose detection window is limited to hours or days. A screening test, usually an immunoassay, is initially performed on the hair and any positive results are validated and quantified with a confirmatory test which is generally chromatographic in nature. The sample preparation of hair is one of debate and constant improvement as the matrix is complicated requiring steps such as decontamination from environmental effects, extraction of the metabolites, and derivatization is necessary for use in sensitive analytical equipment. Different screening tests involving immunoassays, confirmatory tests and sample preparation methods are reviewed showing the current scientific advancements in the field focusing on the last ten years as well as any limitations and potential for future development.
Introduction
Cocaine or benzoylmethylecgonine is an alkaloid that comes from dried leaves of the coca plant (Erythroxylum coca and other species of Erythoxylaceae) or synthesis from ecgonine and stimulates the central nervous system, providing the user with feelings of euphoria, arousal, alertness and increased confidence. Initially the side effects of cocaine can include paranoia, agitation, hallucinations, anxiety, nausea, tremors, seizures and strokes to name a few. After prolonged and repeated use the long term effects include cocaine physcosis such as paranoia, aggressive and antisocial behavior, hallucinations, eating and sleeping disorders, respiratory problems, kidney failure, sexual inadequacy and various effects depending upon the mode of administration such as collapse of the nasal cavity or septum from intranasal intake [1] . Repeated use often creates a high level of dependence on the drug as the body rapidly builds up a tolerance to cocaine resulting in larger and larger doses being required for the 'high' and hence cocaine is considered a very addictive drug. The most common route of administration is through inhalation of the drug as a fine powder usually intranasally or 'snorting'. However other routes may include the eye, ear and throat and in the case of 'crack cocaine' disposition by smoke inhalation. Crack cocaine is formed through a reaction with ammonia or bicarbonate and when smoked, forms the pyrolysis product anhydroecgonine methyl ester. Cocaine is rapidly metabolized into benzoylecgonine and ecgonine methyl ester through chemical hydrolysis. Esterase hydrolysis forms ecgonine and small amounts of the active norcocaine are also produced [2] . Other metabolites include hydroxycocaine, ecgonine ethyl ester and ecgonine methyl ester. The primary analytes found in hair are parent cocaine and cocaethylene, the latter being only produced through transesterification if alcohol has also been consumed. Other metabolites monitored may include benzoylecgnonine, ecgonine methyl ester, norcocaine, and ecgonine ( Figure 1 ). Cocaine undergoes spontaneous hydrolysis to benzoylecgonine, as such if quantification is required alkaline solutions introduced during sample preparation must be avoided as the presence of this metabolite is not sufficient evidence of consumption of cocaine [2, 3] . Most of the other metabolites may also be present either from the synthesis of cocaine or from its natural degradation [4] . A search for unique cocaine metabolites or unique ratios of metabolites to cocaine in hair indicative of cocaine ingestion remains unsuccessful [5] [6] [7] .
Cocaine and its metabolites enter the hair during keratinization and remain in the hair for the remainder of its life [8] . Hair is generally considered to be unsuitable for on-site testing such as roadside testing as it provides a useful detection window of mostly months to years. The first trace of the drugs appears 6-8 hours after initial exposure however this is most likely deposited through sweat. After 1-2 weeks at least two thirds of the drug is detectable in hair as the portion of the hair with the deposit has grown beyond the hair shaft [3] . On the other hand this large window of detection provides useful longterm information particularly in determining if a user's claim of sobriety is indeed correct. Hair analysis also provides complimentary information to the analyses of matrixes such as blood and urine and can be more useful as drugs are often undetectable in urine after a few days and blood after a few hours [9] .
Sample preparation for hair analysis requires lengthy preparations due to the complexity of this type of matrix. Decontamination, digestion/extraction and derivatization are all involved in order to detect cocaine and its metabolites in hair [10, 11] . A screening test, often an immunoassay [3] , is used for the rapid identification of drugs in the body with a positive or negative result. Tests such as enzyme linked immunosorbent assays (ELISA) and Diagnostic Reagents Inc. DRI ® enzyme immunoassay are enzymatic in design and provide the quick exclusion of negative results from further time consuming testing. The confirmatory test is necessary to follow the initial screening test if positive. This test must use a different property of the analyte for analysis, typically chromatographic techniques coupled to analyte detecting devices on a different extracted or dissolved ISSN: 2330-0396 aliquot of the original sample are usually preferred [2, 8] such as gas chromatography-mass spectrometry (GC-MS), GC-tandem MS (GC-MS/MS), liquid chromatography-MS (LC-MS), LC-tandem MS (LC-MS/MS), high performance LC with fluorescence detection (HPLC-FL), and capillary electrophoresis with ultraviolet (CE-UV) or photodiode array (CE-PDA) detection. A typical workflow for hair testing of cocaine is depicted in Figure 2 . This article will review the three areas of hair analysis of cocaine i.e. sample preparation, screening tests and confirmatory tests, outlining the current scientific advancements in the areas over the past twenty years with a focus on the previous ten years as well as limitations and potential for future development.
Sample preparation
Most hair samples are head hairs taken from the posterior vortex as the hair rarely varies during growth and sex and age differences are less pronounced [10] . Hair specimens often require vigorous sample preparation procedures including decontamination, extraction and derivatization before analysis can be performed due to the complex nature of the matrix. Two or three α-keratin chains are wound into a helix which forms strands called microfibrils. Microfibrils have a semi-crystalline structure and make up most of the cortex and larger bundles called macrofibrils. The cuticle is a layer of epithelial cells that protect the cortex and cuticles are arranged in a shingle pattern that is generally intact close to the root but degrades towards the tip of the hair. External compounds can penetrate through the structure of hair and absorb onto the inner matrix. Arterial capillaries through papilla sustain the root or bulb and are proposed to transfer lipid soluble drug molecules from blood into the hair bulb where they bind into the macro molecules [12] . Decontamination is necessary to remove any external contamination that may arise from either residues from hair care products and natural fluids or environmental contamination of the drug itself. Hair care products such as waxes, gels, hairsprays etc as well as sebum, sweat and even dirt and dust can cause an increase in background noise hence increasing the limit of detection (LOD) and limit of quantification (LOQ) of the analysis. Environmental contamination of the drug onto the exterior of the hair shaft is common in users of illicit drugs hence potentially providing incorrect results [13] . Sample preparation is particularly vital for hair analysis as the analytes are bound in the matrix through keratinization and require extraction. Derivatization of compounds is often also necessary in order to allow analysis with a specific technique such as GC, whereby the molecule must be converted to a more non-polar molecule in order to increase volatility.
The issue of decontamination is one of controversy in interpretation of hair evidence as whilst some sources say it is necessary others suggest that no decontamination washing procedures should be used as there is no standard technique or methodology between laboratories [14] [15] [16] [17] . The Research Triangle Institute (RTI) recommends not performing decontamination as variations may occur depending upon the length and type of washing procedure [14] . Despite this it can be seen from the literature that most studies are performed with the incorporation of some form of washing procedure in order to reduce the possibility of positive results or an increase in the concentration of these results originating from environmental factors (a false positive).
Schaffer et al. [18] compared two different washing techniques using either methanol or isopropanol followed by multiple 0.01M phosphate buffer washes for the differentiation of cocaine in hair 
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Following the washing procedures all samples were digested using a solution of 200 units of proteinase-K, 60 mg of dithiothreitol, 200 mg of sodium dodecyl sulfate, and 10 ml of 0.5 M Tris buffer (pH 6.2) and incubated in the shaking water bath overnight at 40 o C. The samples were extracted and derivatized before analysis by LC-MS/MS with a LOD of 0.2 ng/10 mg and cut-offs of 5 ng/mg for cocaine and 0.5 ng/mg for benzoylecgonine. The methanol washing procedure showed that the percent of contamination removed ranged from 16.7% to 77.5% and that 8 of the 14 samples contained cocaine values above the cut-off. Using the isopropanol/phosphate buffer washing procedure (3 buffer washes) the percent of contamination removed ranged from 76.0% to 93.0% and all 14 samples were below the cocaine cut-off. Finally the procedure using isopropanol/phosphate buffer with additional washes (5 buffer washes) showed a range of 82.9% to 97.2% for percentage of contamination removed and all samples had concentrations of cocaine that were well below the cutoff. Clearly the isopropanol/phosphate buffer system is far superior to the methanol washing procedure, particularly when extra washes are used. From this study the methanol procedure is not suitable for eliminating false positives from environmental contamination.
A study by Wang et al. [12] showed that methanol although not suitable for removal of external contamination by cocaine from aqueous solution, was able to remove over 70% of cocaine contamination from vapor, suggesting that aqueous solutions of cocaine are able to penetrate the hair matrix more so than vapors. The shampooing procedure involved 10 cycles of overnight soaking in 2% aqueous solution Suave ® shampoo at room temperature. The study showed that interpretation of cocaine and its metabolites in hair should be approached with caution as after environmentally contaminated hair had been through several shampoo cycles it was indistinguishable from samples that had be collected from cocaine users. This caution in interpretation appears throughout several studies in the literature including a study by Romano et al. [19] in 2001. The study determines that whilst a negative result can conclude that 'contact' with drugs did not occur nor did chronic use a positive result from hair must not be the sole basis for drug addiction but should be supported by urine analysis.
It is important to note that the method used by Schaffer et al. [18] involved the soaking of hair in cocaine solutions, an event unlikely to occur in the community. Vapors are a much more probable source of exposure and contamination and as previously mentioned do not penetrate the hair matrix as effectively as aqueous solution. However by providing a situation whereby more contamination will occur than is likely in the community and with all samples being below the cut-off using the extended wash procedure, the method is proved even more useful at preventing false positives from environmental contamination.
Despite the many wash procedures found in the literature including but not limited to, methanol [18, [20] [21] [22] [23] , acetone and water [24] , dichloromethane [1, 25] , Tween with water [26, 27] and formic acid [13] , sodium dodecyl sulfate, acetone and water [28] , isopropanol and phosphate buffer [29, 30] , shampoo [12] , a suitable procedure that is able to remove all the drug due to external contamination has yet to be found. By measuring the drug component present in the washes, particularly the last wash, an estimation can be made of the remaining drug present in the sample due to contamination, thereby allowing the interpretation of results to be either positive due to use or negative but with contamination, this is called the Wash Criterion [18, 31] . The Wash Criterion overestimates the amount of drug that would be removed if further washing was applied by multiplying the amount of drug per 10 mg of hair found in the last wash and subtracting this value from the amount of drug per 10 mg of hair found in the hair digest. It is necessary to note that decontamination procedures do not remove drugs deposited in hair from ingestion as an inaccessible compartment that retains drugs is present. Drug contaminants can be removed easily using non-swelling solvents such as dry isopropanol in the absence of an aqueous environment, however if the drug has penetrated past this region, a solvent including water that involves hair swelling must be used to allow reverse diffusion of the drug. Emphasis must be placed on the determination of a cut-off value after decontamination that differentiates, without error, external contamination from ingestion of the drug. The determination of this cut-off value relates to the degree of absorption from external factors between individuals, which are dependent on factors such as length, concentration of exposure, hair quality, and porosity. One study by Hill et al. [29] explores a method for determining hair porosity. The wash procedure employed in this experiment was the isopropanol/ phosphate buffer decontamination. The study showed that the degree of staining with methylene blue of the hair was related to the level of drug uptake, and hence the more porous the hair the more drug uptake will occur from environmental contamination. However, extended exposure to aqueous solutions reversed this drug uptake, thereby emphasizing the importance of washing procedures for eliminating false positives. It is recommended by The European Society of Hair Testing (SoHT) that a decontamination procedure includes washing with an organic solvent followed by aqueous • buffer solution collected for analysis • this was repeated two more times with buffers collected into separate tubes for analysis [20] . Reuse of the same sample is often not possible for confirmatory tests such as LC-MS/MS due to the alkaline conditions. Under alkaline conditions, the parent cocaine is converted to benzylecgonine through hydrolysis [32] . To overcome this incompatibility with LC-MS/MS, Lopez et al. [13] developed a decontamination procedure that included washing the specimen twice with 5 mL of a 0.1% solution of Tween ® 80 for 10 min followed by two washes with deionized water. The extraction procedure involved sonication for 4 h in 0.4 mL of H 2 O/formic acid at room temperature. The acidified rather than alkaline conditions in this method prevent the hydrolysis from affecting the metabolite concentrations in the confirmatory test.
Various extraction or digestion procedures must be performed in the analysis of hair in order to remove cocaine and its metabolites from the complex matrix. Cocaine forms a very stable complex with hair which often requires time consuming extractions. Most commonly for liquid samples solid phase extraction (SPE) [14, 18, 22, [33] [34] [35] and sometimes solid phase microextraction (SPME) [26, 36] are used due to their versatility. SPE and headspace (HS)-SPME have been used in combination to further reduce background noise over the use of only one extraction technique [20] . This mixed extraction technique also results in a more concentrated injection due to the HS-SPME allowing the entire sample to be injected. Using SPE and SPME coextraction of interfering substances may occur as the interactions are mainly non-selective. Molecular recognition based mechanisms have been developed to reduce this issue such as immunosorbents which use antigen-antibody interactions as they have high selectivity and attraction. Immunosorbents are expensive and time consuming to develop. Recently Thibert et al. [8] published a study in 2012 about the use of selective extraction of cocaine and benzoylecgonine using different molecularly imprinted polymers (MIPs) before analysis using LC-MS to determine the most selective MIP. MIPs have cavities that are specifically designed for a target molecule such as cocaine and benzoylecgonine so they essentially act as a synthetic antibody thereby providing selective extraction. The most selective MIP used methyacrylic acid as a monomer and ethylene glycol dimethacrylate as a crosslinker in acetonitrile demonstrating a LOQ of below 0.07 ng/mg for cocaine and benzoylecgonine and a capacity of up to 8.96 μmol of cocaine per gram of MIP. The low sensitivity and cross reactivity of the MIP with benzoylecgonine are particularly useful in hair analysis when ratios of cocaine: benzoylecgonine are required.
Harsh extracting agents such as acidic or alkaline solvents can modify cocaine and its metabolites potentially affecting the value obtained. Enzymatic hydrolysis (EH) procedures offer gentler conditions including mild pH and moderate temperature thereby removing the possibility of altering the analytes. The use of enzymatic hydrolysis alone requires lengthy extraction of up to one day, however the integration of ultrasound irradiation to form ultrasound assisted enzymatic hydrolysis (UAEH) procedures [35, 37, 38] has reduced the extraction time to a mere 30 minutes [37] . Ultrasound irradiation rapidly disturbs the cell membrane and wall providing direct contact between the enzyme and cytosolic structures causing faster extraction [38] . Similarly micro solid phase dispersion (MSPD) allows for shorter extraction times by disrupting sample architecture by mechanical blending. In 2013, Miguez-Framil et al. [39] further reduced sample preparation time by developing an integrated MSPD-EH-SPE technique to incorporate extraction, sample clean-up and target pre-concentration.
The use of LC-MS/MS has the advantage over traditional GC-MS in terms of sample preparation, as the sample does not require derivatization [13] . However a recent report by Breidi et al. [25] in 2012 shows that the derivatization step may also be removed for use with GC-MS. Removing the need for derivatization allows for direct measurement of the drug thereby increasing recovery, chromatographic resolution and ionization efficiency and minimizing the formation of by-products and contamination. The decontamination procedure involved washing with 3 mL of dichloromethane and vortexed for 2 min which was repeated 3 times. The samples were then pulverized to 0.5 mm pieces and digested using proteinase K enzyme in a ratio of 1 mg hair : 1 mg enzyme. The LOD and LOQ were reported as 0.02 and 0.05 ng/mg respectively showing that sensitivity is not sacrificed by removing the derivatization step.
Screening Tests
The use of the preliminary screening test allows for the rapid and inexpensive detection of drugs in hair before further more expensive and time consuming analysis is performed. Screening tests often test for multiple types of drugs and are usually some form of immunoassay. Screening tests do not allow for the quantification of the drug or its metabolite but rather give a positive or negative based on the sensitivity of the analysis and the cut-off value given by various guidelines and regulations.
There are four key components to immunoassay systems, the antibody, detector, platform and buffers and packaging. The antibody is specifically designed to target a specific analyte, such as cocaine, without interference from the matrix for an immune response with the target analyte or antigen. Upon introduction of the antigen, it will bind with the antibodies; the formed bound molecule is then detectable. The detector or reporter generates a signal from this response and may be either enzymatic, chemiluminescent, colloidal particles or radioactive. Many platforms have been designed and trademarked but basic platforms can be microlitre plates. Finally the buffers and packaging are required for stability and storage. Buffers must also prepare the sample matrix to prevent incompatibility with the antibody. Heterogeneous immunoassays differ from homogeneous immunoassays in that there is an extra step involving the separation of the bound antigens and antibodies from the free antigens [40] . The antibody may be developed from monoclonal or polyclonal antibodies. Monoclonal antibodies bind to a single epitope rather than multiple epitopes hence assays only or partially containing monoclonal antibodies are preferred as seen by the literature [3, 13, 21] . Homogeneous assays are not used for hair analysis as the complex matrix interferes with the detection of the signal [3] . Radioimmunoassays have been proven to be a very sensitive and
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reliable technique for hair analysis however their use is restricted due to radioactivity and consequently the disposal of low level radioactive substances [22] . Suitable enzyme immunoassays have been developed to provide the required sensitivity and selectivity for hair analysis without the difficulties of radioactivity.
Immunoassays give a positive/negative result for the drug(s) in question and rely upon a cut-off value as the threshold for a positive result. The optimum cut-off should be chosen based on the fewest false positives and false negative results. Cut-offs for immunoassays used for screening for drugs should not be at the LOD of the assay as this produces a large number of false positives. Sensitivity and specificity of the immunoassay system should ideally be above 90% at the cut-off value [3] .
In a recent study conducted in 2012 by Musshoff et al. [21] the enzyme-linked immunosorbent assay using a LUCIO ® -Direct ELISA kit and the enzyme immunoassay using DRI ® were assessed for the detection of multiple analytes in the analysis of hair. Cocaine along with cannabinoids, opiates, amphetamines, methadone and benzodiazepines were detected and compared to the recently lowered recommended cutoff values in Germany. The LUCIO ® -Direct ELISA kit uses competitive binding of the enzyme labelled antigen and unlabelled antigen to the antibody in proportion to their concentration in the reaction well. The hair was cut into 10 mg pieces, washed with methanol and allowed to dry before adding hair extraction buffer to extract the cocaine and metabolites from the hair matrix followed by incubation in an ultrasonic bath. An Elx800 microplate using a wavelength of 450 nm was used for the analysis. The DRI ® used 33 mg hair samples, was washed with SLV-VMA-T solution, soaked in VMA-T reagent and using a keratinic matrix with VMA-T calibrators (CAL-VMA-T) on a Cdx90 auto-analyzer the extracts were analyzed with a wavelength of 340 nm. The LUCIO ® -Direct ELISA kit showed a sensitivity and selectivity of 94% and 78% respectively, with the selectivity showing too many false positives/negatives for a cut-off of 0.083 ng/mg. The DRI ® analysis showed comparatively very good sensitivity and selectivity of 99% and 91% respectively for the cut-off of 0.08 ng/mg [21] .
Another study by Lachenmeir et al. [22] also evaluated the enzyme-linked immunosorbent assay, by following the ELISA methodology rather than using the kit. A similar sample preparation process was used by Musshoff et al. [21] . Sensitivity and selectivity were found to be 100% and 65% respectively, for the cut-off value of 0.1 ng/mg. Precision was found to be 11% for intra-assay precision and 12% for inter-assay precision. It is necessary to lift cut-off values for better selectivity, as it is more important to have less false negatives than the issue of creating more false positives in order to improve this methodology for screening tests as false positives can be removed during the confirmatory tests [22] .
As an alternative to immunoassays, matrix assisted laser desorption/ionization (MALDI)-MS has been proposed as a potential screening tool for detecting cocaine in hair. MALDI-MS has several advantages over the conventional immunoassay including sensitivity and specificity of 100% and false positive and negative rates of 0%. MALDI-MS also allows for high-throughput routines, with small sample sizes required and a short extraction time (minimum 5 minutes) [34, 41] . These advantages have proved MALDI techniques to be suitable for screening tests and show potential for routine use as such.
Confirmatory Tests
Confirmatory tests provide both verification of the presence of the drug and quantification of this drug and are often at least partially chromatographic in nature. Initially for hair samples gas chromatography mass spectrometry GC-MS was the method of choice with high sensitivity and selectivity. Recent studies throughout the end of the 20 th century to present day have shown many other suitable techniques that slightly improve or reach similar sensitivity and selectivity or simplify sample preparation, and even eliminate the need for derivatization. However GC-MS and GC-MS/MS are still the most commonly used. Other analytical techniques such as LC-MS/ MS, HPLC-FL, and CE are suitable alternatives to the traditional GC-MS test which can provide similar or lower LODs and LOQs, improve selectivity and specificity, and reduce sample preparation to increase efficiency. Whilst most studies involving confirmatory tests analyzed cocaine and benzoylecgonine, not all reported other metabolites such as ecgonine, norcocaine, ecgonine methyl ester and cocaethylene. These metabolites are often present in smaller concentrations that with some techniques are difficult to detect, so are often not used to determine the presence of cocaine in hair.
CE is based upon physical and chemical principles that differ from those used in chromatography making it ideal as a complementary technique. This technique only requires very few specimens, making it ideal for forensic cases when sample quantity is often scarce. CE is also considered to have high efficiency and sensitivity, desirable features for any analytical technique. A study performed by Tagliario et al. [9] examined the use of free zone CE with UV detection, for the determination of the illicit drugs cocaine and morphine. It was found that the LOD was around 0.15 ng/mg cocaine using 100 mg samples.
Although CE has many desirable characteristics for a complementary technique, HPLC provides better sensitivity. FL detection increases the selectivity of the HPLC system compared with UV detectors with good peak separation despite easy specimen pretreatment. HPLC using FL detection (230 nm excitation and 315 nm emission) is deemed suitable for the analysis of cocaine and related metabolites. Tagliario et al. [27] showed HPLC-FL has better sensitivity by one order of magnitude than CE-PDA with a LOD around 0.015 ng/mg, however analysis is much slower whereby injections can only be made every 30 min using HPLC as opposed to every 5-7 min using CE. HPLC also requires further purification than required for CE, to improve sensitivity by minimizing the coextractives that cause interference. CE could be useful as a screening technique due to the low reagents cost, ruggedness, rapid analysis and the possibility of automation in the future.
Segmental hair analysis has been explored using HPLC-FL to detect not only cocaine but also the less abundant metabolites benzoylecgonine and cocaethylene. Segmental hair analysis is used to determine variations in consumption of the targeted analyte by separating the hair into segments before further sample preparation and subsequent analysis. Clauwaert et al. [42] examined the segmental content of cocaine and its metabolites in hair samples from eight postmortem cases. Six of the eight cases showed consistent cocaine use, whereas two cases showed positive cocaine segments intersected by a segment of negative cocaine suggesting a change in the amount of cocaine abuse. Variations in concentration between patients were extremely high, even exceeding a factor of 150. The ratio cocaine:benzoylecgonince was also found to range between 0.02 and ISSN: 2330-0396 8.43 inter-individually. These results show that there is a large level of uncertainty in understanding the deposition of cocaine and its metabolites in hair and the limitations of analytical analysis of hair particularly with respect to washing procedures. This uncertainty means interpretation in terms of precise time of usage and dosage must be approached with care. Segmental hair analysis is a useful tool for analysis of drug abuse, and if a large period of time has elapsed between time of death and postmortem analysis it may be the only method for determining whether the abuse was chronic or acute. Further validation is required, but shows promise for future applications.
Techniques incorporating GC, particularly GC-MS and GC-MS/MS are the most used and accepted confirmatory techniques for the quantification of cocaine in hair [24, 25, 30, 32, 35, 36, 43, 44] . GC-chemical ionization (CI)-MS/MS provides improved sensitivity for quantification of cocaine and its metabolites benzoylecgonine, norcocaine, anhydroecgonine methyl ester, ecgonine methyl ester and cocaethylene in human hair [2, 45] . Using an ion-trap MS in positive chemical ionization mode LOQs of 0.10 ng/mg for anhydroecgonine methyl ester and 0.05 ng/mg for ecgonine methyl ester, cocaethylene and parent cocaine were determined by Cognard et al. [2] . The LODs were estimated to be 0.050 ng/mg for anhydroecgonine methyl ester, 0.025 ng/mg for ecgonine methyl ester and 0.005 ng/mg for cocaethylene and parent cocaine. This data shows the method to be sensitive and useful as a quantitative confirmatory test for cocaine and its metabolites found in hair. Bourland et al. [45] showed similar results using positive chemical ionization with a LOD of 0.01 ng/mg and LOQ of 0.05 ng/mg for cocaine and the metabolites benzoylecgonine, cocaethylene, ecgonine methyl ester and norcocaine.
Recently techniques utilizing LC-MS or LC-MS/MS for the determination of cocaine in hair have been explored [8, 13, 14, 23, 32, [46] [47] [48] . LC has several advantages over GC in that it offers high separation efficiencies and removes the need for derivatization and the dependency that GC has on volatility and stability. Other detectors such as UV and FL have been coupled with LC however MS is favored as it provides greater versatility, specificity, sensitivity [8] and is well accepted in medico-legal cases. It is necessary for LC to be coupled with tandem MS as the hair matrix contains very small concentrations of cocaine and its metabolites [14] . In 2010, Lopez et al. [13] as previously mentioned validated ELISA and LC-MS/MS using the same hair specimen. Typically the solvents used for sample preparation for analysis using the ELISA screening test were incompatible with LC-MS/MS. In this study sonication and an acidified water solution were used and are compatible with the screening and confirmatory tests dramatically reducing overall sample preparation time, cost of a greater variety of reagents needed for two different sample preparation procedures and workload. The method found LODs being 0.01 ng/mg for cocaine and 0.001ng/mg for benzoylecgonine and the LOQs as 0.05 ng/mg and 0.005 ng/mg respectively proving the method to be sensitive with the use of LC-MS/ MS. Column switching LC-MS/MS or LCxLC-MS/MS has recently been explored providing comparable results to GC-MS and allowing for a reduction in the sample amount of up to ten times. Column switching or a coupled column technique involves the connection of a pre-column to the analytical column using a 6 or 10 port valve. The use of an additional LC column increases sensitivity compared to a single LC column by reducing the introduction of interfering ions to the MS. Additionally selectivity can be improved by using a different type of pre-column to the analytical column [46] . The issue of false positives and false negatives for cocaine must also be considered in the confirmatory tests. Various recommendations have been suggested as metabolite and ratio cut-off values in order to decrease the incidence of false positives or negatives. A study performed by Lopez-Guarnido et al. [43] using GC-MS as the confirmatory technique proposed that in order to reduce the number of false negatives a single cut-off for cocaine (>500 pg/mg) should not be used alone, but rather combined with either the cut-offs for benzylecgonine (>50 pg/mg), cocaethylene (>50 pg/mg), the ratios of benzylecgonine:cocaine (>0.05) or cocaethylene:cocaine (0.02). However a standardized and unique method to unequivocally interpret hair testing of cocaine is still needed with further research required in this field.
Recently there has been demand for the development and improvement of techniques that enable the simultaneous determination of several drugs in a hair specimen particularly those commonly of forensic toxicological interest such as amphetamines, opiates, benzodiazepines, hallucinogens, antidepressants and of course cocaine. Various studies utilize GC and LC techniques for such simultaneous analyses, however improvement of sensitivity, selectivity, convenience and limited sample sizes has been investigated through more recent hybridized analytical techniques. Highly sensitive and selective techniques such as two dimensional GC-quadrupole time-of-flight (QTOF)/MS or GCxGC-QTOF/MS [49] and LC-high resolution MS (LC-HRMS) [28] including LC-QTOF/MS [24, 50, 51] have been explored to detect and quantify cocaine alongside other drugs of interest. By using two GC columns in GCxGC-QTOF/MS the sensitivity of the technique is significantly increased. Guthery et. al. [49] suggested GCxGC-QTOF/MS for use with diagnostic screening and sensitive MS techniques. The use of QTOF allows for non-targeted analysis with the ability to detect multiple drugs of abuse at levels commonly found in users. Although the sensitivity is decreased by the use of non targeted analysis the ability to simultaneously detect provides convenience, reduction in overall time needed and is particularly suited to samples being analysed for forensic purposes when samples are limited. LC-HRMS provides many advantages over conventional LC-MS/MS with a reduction in analysis time, increased accuracy and flexibility in database and identification procedures and application in either targeted or non-targeted analyses [28] .
Conclusion
Hair differs from other types of matrixes such as urine, blood or oral fluid, in that it has a much larger detection window of months to years and segmental analysis can be performed to assess cocaine consumption. However despite the large detection window that is much greater than that of blood or urine, hair cannot be used to determine if a user is intoxicated upon sampling as due to the distribution of the drug into the hair, and shaft growth, deposited cocaine will not be detectable until 1-2 weeks. Segmental hair analysis should also be used with caution, as the transfer of cocaine into the hair is still uncertain. Enzymatic screening tests for cocaine have been developed to economically and rapidly eliminate negative samples from a larger cohort before the use of a sensitive, selective confirmatory test is performed. False negatives and positives are a constant issue for screening tests hence the selectivity and sensitivity of the antibody to the antigen are important for this qualitative test.
Various confirmatory tests, particularly GC-MS including GC-MS/
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MS and LC-MS including LC-MS/MS, are used for the quantitative analysis of cocaine and its metabolites in hair. Other techniques such as CE-PDA and HPLC-FL have been found to show LODs and LOQs either approaching or equal to those found in GC-MS and LC-MS and in some cases improve upon factors such as efficiency, sample preparation, time and cost and show promise for future development. Sample preparation for hair is extensive and time consuming providing sources of error. False positives and higher determined concentrations can also occur as a result of external contamination from the environment hence a suitable standardized decontamination procedure is required before hair analysis can be used as the sole determination method in drug abuse. In addition to conduct further research to improve the nature of hair analysis in sample preparation especially decontamination, screening tests, confirmatory tests and interpretation of results, forensic toxicologists ought to search for a true metabolic marker of cocaine in hair that is only produced after cocaine ingestion and not from external contamination.
